To investigate sex differences in risk factors for incident myocardial infarction (MI) and whether they vary with age.
Introduction
Coronary heart disease (CHD) has been the leading cause of mortality worldwide for over 25 years, 1 2 and was estimated to be the cause of 17% of deaths globally in 2016. 3 Death rates from CHD are considerably lower in women than in men at younger ages, but often converge with increasing age. Male-to-female coronary mortality rate ratios are typically around 4 to 5 in middle age ) and 2 thereafter (65-89). 4 In the INTERHEART case-control study, women had their first myocardial infarction (MI) on average nine years later than men. 5 In addition to later presentation, men and women can have different symptoms, treatments, and outcomes of MI, some of which may be because of the effects and prevalence of risk factors. Several large scale meta-analyses have compared the sex specific associations between risk factors and CHD. Key findings from these analyses are that, compared with men, women had a higher ratio of relative risk of CHD: 44% higher if they had diabetes 6 and 25% higher if they were current smokers. 7 However, these meta-analyses included studies performed over an extensive time scale, with heterogeneous study populations, and with varying sets of adjustment for potential confounders. Importantly, the analyses were unable to reliably explore whether the identified sex differences in relative risk were consistent with age, or to compare the sex differences for different risk factors on an equal basis. In addition, the analyses could not make comparisons on the absolute scale.
To obtain comparably adjusted results, overall and within age groups, we used the UK Biobank to investigate the sex differences in risk factors for MI and how these may vary with age.
Methods
The UK Biobank is a large prospective study of 502 628 participants recruited between 2006 and 2010. 8 Participants aged between 40 and 69 were invited to attend one of 22 centres for a baseline assessment, where informed consent was obtained, a touchscreen questionnaire was completed, a face-to-face interview was conducted, and a range of physical measurements
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The incidence of myocardial infarction (MI) is lower in women than in men at younger ages, but the incidence becomes more similar with increasing age Meta-analyses have shown sex differences in the association between several risk factors and MI, but the studies included had varying levels of adjustment for confounders and could not examine sex differences by age group were taken. Participants gave details of their medical history, regular use of any drugs, and their lifestyle factors, such as smoking status. Baseline data are linked to hospital admissions data (hospital episode statistics admitted patient care activity (HES, England), the general/acute inpatient and day case dataset (SMR01, Scotland) and the patient episode database for Wales (PEDW)) and Office for National Statistics (ONS) mortality records, which enable long term follow-up of participants and their health outcomes.
Participants who subsequently withdrew from the study (n=64) and those with a history of cardiovascular disease (self reported or hospital admission diagnosis of MI, angina, or stroke before the date of the baseline assessment, n=30 566) were excluded from the current analyses.
Measurement of risk factors
We investigated six risk factors: blood pressure, smoking status, diabetes mellitus, body mass index, atrial fibrillation, and socioeconomic status. For blood pressure, the mean of two sitting systolic and diastolic blood pressure measurements, taken at baseline using the Omron HEM-7015IT digital blood pressure monitor (Omron Healthcare), was calculated. Blood pressure was categorised using American Heart Association (AHA) 2017 guidelines (normal: systolic blood pressure <120 mm Hg and diastolic blood pressure <80 mm Hg; elevated: systolic blood pressure 120-129 mm Hg and diastolic blood pressure <80 mm Hg; stage 1 hypertension: systolic blood pressure 130-139 mm Hg or diastolic blood pressure 80-89 mm Hg; and stage 2 hypertension: systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg). 9 We further categorised AHA stages into eight groups according to reported use of antihypertensive drugs. Smoking status was self reported and included the daily cigarette consumption of current smokers. Self reported diabetes was categorised as type 1 if participants were aged less than 30 when the disease was diagnosed and they were using insulin, and type 2 otherwise. Participants with type 2 diabetes were further classified according to self reported treatment. Body mass index was calculated by dividing a participant's weight in kilograms, measured using the Tanita BC-418 MA body composition analyser (Tanita Corporation of America), by the square of his or her standing height in metres, measured using a Seca 202 height measure (SECA, Germany). Overweight was defined as a body mass index of at least 25 kg/m 2 and less than 30 kg/m 2 ; obesity was defined as a body mass index of 30 kg/m 2 or higher. A history of atrial fibrillation was self reported. Socioeconomic status was determined using the postcode based Townsend deprivation index and categorised into thirds using national cut-off points (high: <-2.08; middle ≥-2.08 to <1.40; low ≥1.40).
Outcomes
The study endpoint was the incidence of fatal or nonfatal MI, defined using an algorithm developed by UK Biobank. 10 Linking with relevant hospital admissions data (HES, SMR01, and PEDW) and ONS enabled UK Biobank to identify the date of the first known MI after the date of baseline assessment by using codes I21, I22, I23, I24.1 or I25.2 from the 10th edition of the International Classification of Diseases. Follow-up for all participants started at inclusion in the UK Biobank and ended on 31 March 2016, or when the first fatal or non-fatal MI occurred.
statistical analyses
Baseline characteristics for women and men are presented as number (percentage) for categorical variables, mean (standard deviation) for approximately symmetrical continuous variables, and median (interquartile range) for asymmetrical continuous variables. The incidence of MI was estimated separately for women and men. Cox proportional hazard models were used to estimate hazard ratios and 95% confidence intervals for MI comparing women with men, adjusted for age, systolic blood pressure, body mass index, smoking status, and diabetes. These analyses were further stratified by age in five year groups.
To estimate the hazard ratios for MI for each risk factor, we used Cox regression models, with interaction terms between each variable and sex. All models were adjusted for age and other variables specified a priori, which varied across risk factors. In addition to age, we adjusted systolic blood pressure, diabetes, and socioeconomic status for each other as well as for smoking status, body mass index, use of lipid lowering drugs, and antihypertensive drugs. Atrial fibrillation was similarly adjusted for these eight variables. Diastolic blood pressure and AHA hypertension stages were adjusted for the same variables as systolic blood pressure, except when AHA hypertension stage was further categorised by use of antihypertensive drugs, in which case adjustment for antihypertensive drugs was clearly inappropriate. The models for smoking variables included socioeconomic status, and the models for body mass index included smoking status and socioeconomic status. We decided not to adjust body mass index for systolic blood pressure because systolic blood pressure is thought to be a mediating factor and our goal was to examine the independent effects of sex on risk factor associations with MI.
The interaction term of each risk factor with sex was used to obtain the women-to-men relative hazard ratio for each risk factor. This ratio should be interpreted as a measure of interaction (in a statistical sense) or effect modification (in a clinical sense). We used a likelihood ratio test to check for deviation from the linear trend for the ratio of hazard ratios for categories of daily cigarette consumption.
Missing data can be a source of bias. We determined the percentage of missing data for each variable used in this study. We ran a sensitivity analysis for any variable for which more than 5% of the data were missing by performing 20 iterations of a multiple imputation using chained equations and including sex interactions in the imputation model. 11 When less than 5% of data for a risk factor or potential confounder of interest was missing, participants with missing data were not included in the relevant model.
To investigate whether sex differences in risk factors differed by age group (<50, 50-59, and ≥60), we added a three way interaction between sex, age group, and the risk factor of interest to the models. Age group was subsequently included as a linear term to produce Wald test P values for trend among women and men and in the interaction for the ratio of hazard ratios. Because the UK Biobank cohort is comparatively socially advantaged (and healthy) compared with the UK population in general, we investigated whether there was evidence of heterogeneity in the effects of risk factors according to socioeconomic status. Therefore, we ran additional subgroup analyses for participants at or above, and below the national median Townsend deprivation index score (−0.56).
We also looked at sex differences on the absolute scale, which are less likely to be relevant than relative risks for application in other populations, but should be considered when making clinical decisions. We evaluated sex differences on the absolute scale as unadjusted and adjusted rates per 10 000 person years by sex and their women-to-men difference of differences, estimated using Poisson regression models. Adjustments were the same as those used in the Cox models.
Analyses were performed using Stata version 14.2.
Patient and public involvement
No patients were involved in setting the research question or the outcome measures, and they were not involved in developing plans for the design or implementation of the study. No patients were asked to advise on interpretation or writing up of results. We have no plans to disseminate the results of the research to study participants or the relevant patient community. Table 1 presents the baseline characteristics of 471 998 participants with no history of cardiovascular disease included in these analyses. The proportion of women was 56% and the mean age at study baseline was 56 (standard deviation 8) in both sexes. At baseline, a lower percentage of women than men had diabetes or atrial fibrillation, or were taking lipid lowering or blood pressure lowering drugs. Overall, women had slightly lower blood pressure and were less likely to have ever smoked than men. After a mean follow-up of seven years, 5081 first MI events were recorded (1463 (28.8%) in women) (table 1). Models adjusted for multiple variables showed that the rate of MI in women was less than half that in men (hazard ratio 0.37; 95% confidence interval 0.35 to 0.40). The lower risk of MI in women compared with men was apparent across all age groups, but attenuated slightly with increasing age, from 0.27 (0.18 to 0.41) among those aged less than 45, to 0.45 (0.40 to 0.50) among those aged 65 and over (supplementary table 1 ).
Results

blood pressure
Rising values of all blood pressure indices were associated with a higher risk of MI in both sexes after adjusting for confounding variables (fig 1) . Compared with normal blood pressure, the risk of MI increased with AHA hypertension stage in both sexes and was consistently higher among women than men. The women-to-men ratio of hazard ratios for elevated blood pressure was 1.83 (95% confidence interval 1.33 to 2.52), whereas for stage 1 and stage 2 hypertension the ratios were both about 1.5 (fig 2) . We also considered the effects of higher blood pressure on MI according to antihypertensive drug use. The hazard ratios for MI were higher for participants taking drugs than for those not taking drugs for each AHA stage and in both sexes (supplementary table 2 ). This increase was more pronounced in women. For example, comparing participants with elevated blood pressure taking antihypertensive drugs with those with normal blood pressure not taking antihypertensive drugs, the hazard ratio was 3.65 (2.44 to 5.44) in women and 1.75 (1.26 to 2.44) in men (ratio of hazard ratios 2.08, 95% confidence interval 1.24 to 3.50) (supplementary table 2).
smoking status
Compared with never smoking, current and former smoking were each associated with an increased risk of MI in both sexes, but with larger hazard ratios in women than men. For current smokers, the hazard ratios were 3.46 (95% confidence interval 3.02 to 3.98) in women and 2.23 (2.03 to 2.44) in men (fig 1) (ratio of hazard ratios 1.55, 95% confidence interval 1.32 to 1.83; fig 2) . Greater smoking intensity was associated with a higher risk of MI in both sexes, but especially among women. The women to men ratio of hazard ratios increased with cigarette consumption (with evidence of non-linearity, P=0.006; fig 2) . type 1 and 2 diabetes Compared with people without diabetes, women with type 1 diabetes had more than eight times the risk of MI (hazard ratio 8.18, 95% confidence interval 5.20 to 12.86; fig 1) , almost three times the hazard ratio in men (2.81, 1.82 to 4.33; fig 1; ratio of hazard ratios 2.91, 1.56 to 5.45; fig 2) . Type 2 diabetes was associated with an increased risk of MI in both sexes; the hazard ratio was 1.96 (1.60 to 2.41) in women and 1.33 (1.18 to 1.51) in men (fig 1) ; the ratio of hazard ratios was 1.47 (1.16 to 1.87; fig 2) . When analysing the type of treatment given to people with type 2 diabetes, there was still an excess risk in women compared with men (supplementary table 3 ). Hazard ratios for both sexes and the women-to-men ratio were greater when insulin use was reported.
body mass index
The risk of MI rose with increasing body mass index, and with being overweight or obese (compared with normal weight) for both sexes (fig 1) . However, there was no evidence of any difference by sex (ratio of hazard ratios 0.97 (95% confidence interval 0.91 to 1.03) for every 5 kg/m 2 additional body mass index, 0.89 (0.76 to 1.03) for overweight, and 0.93 (0.79 to 1.09) for obese; fig 2) .
atrial fibrillation
The hazard ratio for MI associated with atrial fibrillation was 1.54 (95% confidence interval 0.89 to 2.66) in women and 1.35 (1.04 to 1.77) in men 
socioeconomic status
Compared with high socioeconomic status, women with a low socioeconomic status had a hazard ratio for MI of 1.27 (95% confidence interval 1.11 to 1.46); the equivalent hazard ratio in men was 1.12 (1.03 to 1.22) (fig 1) . For each unit increase in the Townsend deprivation index score (moving from higher to lower socioeconomic status), women had 3% (hazard ratio 1.03, 1.02 to 1.05) higher risk of MI compared with a 2% (1.02, 1.01 to 1.03) higher risk in men. There was some evidence that this risk was slightly higher among women than men (ratio of hazard ratios 1.02, 1.00 to 1.04).
confounding and modification by age
The results from the age adjusted analyses were generally similar to the multiple adjusted analyses (supplementary table 4 ). The sex specific hazard ratios for stage 1 and 2 hypertension, current smokers, diabetes, and socioeconomic status were slightly higher than those that were further adjusted, as were the ratios of hazard ratios for current smokers, diabetes, atrial fibrillation, and the lowest third category of socioeconomic status.
In both sexes, the hazard ratios for systolic blood pressure, diastolic blood pressure, hypertension stage 2, and high smoking intensity decreased with increasing age (fig 3) . Type 2 diabetes was associated with a higher risk of MI in those aged less than 50 (women: hazard ratio 3.73 (95% confidence interval 1.93 to 7.20); men: 2.18 (1.43 to 3.31); fig 3) , while the 50-59 and 60 and older age groups had similarly increased risks of around 90% in women and 30% in men. For none of the risk factors investigated was there evidence that the women-to-men ratio of hazard ratios differed by age group (fig 4 and supplementary  table 5 ).
Modification by socioeconomic status
The only evidence of heterogeneity by socioeconomic status in the effects of sex on risk factors for MI was for former smoking versus never smoking (P=0.004, supplementary 
discussion
This study of 471 998 middle aged UK Biobank participants with no history of cardiovascular disease analysed the sex differences in risk factors for myocardial infarction (MI). Women who smoked more than 20 cigarettes per day had twice the relative risk of MI than equivalent men, and elevated blood pressure was associated with a more than 80% higher relative risk in women. Hypertension stages 1 and 2, smoking 10-19 cigarettes daily, and type 2 diabetes each were 40% more strongly associated with the risk of MI in women than men.
Since the sex specific relative risks attenuated with age in both sexes, our results suggest that cardiovascular risk scores should consider including age interactions for greater predictive accuracy. However, we found no evidence to suggest that the women-to-men comparisons were significantly different across age groups.
strengths and limitations of this study
Previous studies of sex differences in MI have been restricted to a single risk factor, pooled data from disparate studies, or were based on hospital populations. In this study we analysed sex differences in MI across a range of risk factors in a general population using standardised methods on the relative and absolute scales. We also examined how age impacts sex differences in MI. The only comparable study examining a similar range of risk factors in men and women and using a standard protocol is INTERHEART. This, however, was a retrospective case-control study of patients admitted to hospital with their first acute MI, and hospital sourced controls. The study design is inferior to the UK Biobank cohort design and is more susceptible to bias. 12 Our study has limitations. Some variables had missing data but the only variable with more than 5% of data missing was the number of cigarettes smoked daily (supplementary table 8). After multiple imputation, the effects of smoking intensity, however, were not appreciably different from the complete case analysis (supplementary table 9) and we conclude that the primary results are valid. Most UK Biobank participants are white and further work is required to assess the generalisability of the results to other populations. Higher socioeconomic status was over represented in the study population, which could have limited the ability of this study to find sex differences among different socioeconomic groups. Blood samples were taken from all participants but at the time of analysis the lipid profile data were not available, Obese v healthy weight
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Higher HR for women Fig 2 | adjusted women-to-men ratios of hazard ratios for association between risk factors and incident myocardial infarction. Horizontal lines indicate corresponding 95% confidence intervals around ratio of hazard ratios. all models were adjusted for age. additionally, systolic blood pressure, diabetes, and socioeconomic status were adjusted for each other as well as smoking status, body mass index, lipid lowering drugs, and antihypertensive drugs. atrial fibrillation was similarly adjusted for these eight variables. Diastolic blood pressure and american Heart association hypertension stages were adjusted for the same variables as systolic blood pressure. Models for smoking variables included socioeconomic status, and models for body mass index contained smoking status and socioeconomic status preventing examination of this as a risk factor and adjusting for it as a confounder. Instead we adjusted analyses for participants' use of lipid lowering drugs when appropriate, but residual confounding by lipid levels is possible. Diagnoses and recording of drug use at baseline relied on self report, which will have resulted in some errors. However, these errors were probably minor and may have been the same in both sexes. UK Biobank participants were aged between 40 and 70 at recruitment, and so sex differences among younger and older populations were not analysed. Whether the additional risk associated with some factors varies across a wider age range would be an interesting topic for future research. Fig 3 | adjusted hazard ratios for association between risk factors and incident myocardial infarction by age group and sex. Horizontal lines indicate corresponding 95% confidence intervals around hazard ratios. systolic blood pressure is given per 20 mm Hg and diastolic blood pressure per 10 mm Hg. Participants with stage 2 hypertension were compared with participants with normal blood pressure; current smokers were compared with never smokers; participants with diabetes were compared with those without diabetes; obesity was compared with body mass index less than 25 kg/m 2 ; and for socioeconomic status the lowest third was compared with the highest third. Models for systolic blood pressure, diabetes and socioeconomic status were adjusted for each other as well as smoking status, body mass index, lipid lowering drugs, and antihypertensive drugs. Diastolic blood pressure and american Heart association hypertension stages were adjusted for the same variables as systolic blood pressure. Models for smoking variables included socioeconomic status, and models for body mass index contained smoking status and socioeconomic status comparison with other studies This study adds to the growing literature on potential sex differences in risk factors for cardiovascular disease. In a meta-analysis of more than 900 000 people, the increased risk of ischaemic heart disease with each 10 mm Hg rise in systolic blood pressure was found to be 13% in women and men. 13 There was important heterogeneity between studies, which could partly be because of different trends in blood pressure worldwide. 14 Our findings are similar to those from a recent English study of 1.25 million patients and 11 029 MI events, in which a slightly higher relative risk of MI with increasing systolic blood pressure, but not diastolic blood pressure, was found in women compared with men. 15 INTERHEART reported higher odds ratios of MI in women with hypertension than in men with hypertension (odds ratio 2.95 (95% confidence interval 2.66 to 3.28) in women and 2.32 (2.16 to 2.48) in men). 5 We found a higher relative risk of MI in women compared with men across all American Heart Association (AHA) hypertension stages, and this was most pronounced among those with elevated blood pressure. Women may be less likely to receive blood pressure lowering drugs and be less compliant with treatment, resulting in poorer blood pressure control than men. 16 Women's longer exposure to the effects of hypertension (including before any treatment) could explain some of the higher relative risk we found in our analyses. The INTERHEART study found that smoking accounted for around 36% of the population attributable risk of MI worldwide. 12 Both men and women who were current smokers had around three times the odds of MI compared with never smokers. There was evidence of a sex difference by former smoking status. Women who were former smokers were not found to have increased odds of MI compared with never smokers, whereas men who were former smokers had around 60% increased odds of MI compared with never smokers. 5 Our previous metaanalysis described a women to men ratio of relative risks of CHD of 1.25 (95% confidence interval 1.12 to 1.39) in current smokers compared with nonsmokers, 7 which is lower than the ratio of hazard ratios of 1.55 in current smokers compared with never smokers found in the current study. In agreement with the current study, this meta-analysis found no evidence of a sex difference when comparing the risk of CHD between former smokers and never smokers. 7 INTERHEART and the Tromsø study reported an association between rising cigarette consumption and an increasing risk of MI in both sexes. 17 18 Although the Tromsø study reported no evidence of an interaction between sex and smoking intensity, the effect sizes in both studies were larger among women than men. 17 18 Our estimate of a higher relative risk in female, than male, current smokers compared with never smokers, and with increasing cigarette consumption, may be explained by differences in the duration of the tobacco epidemic worldwide; in many countries the epidemic among women is relatively recent, leading to an underestimate of women's excess relative risk in some studies. 19 20 We have previously described how the smoking habits in UK Biobank men and women have become increasingly similar over time, 21 Fig 4 | adjusted women-to-men ratios of hazard ratios for association between risk factors and incident myocardial infarction by age group. Horizontal lines indicate corresponding 95% confidence intervals around ratio of hazard ratios. systolic blood pressure is given per 20 mm Hg and diastolic blood pressure per 10 mm Hg. Participants with stage 2 hypertension were compared with participants with normal blood pressure; current smokers were compared with never smokers; participants with diabetes were compared with those without diabetes; obesity was compared with body mass index less than 25 kg/m 2 ; and for socioeconomic status the lowest third was compared with the highest third. Models for systolic blood pressure, diabetes, and socioeconomic status were adjusted for each other as well as smoking status, body mass index, lipid lowering drugs, and antihypertensive drugs. Diastolic blood pressure and american Heart association hypertension stages were adjusted for the same variables as systolic blood pressure. Models for smoking variables included socioeconomic status, and models for body mass index contained smoking status and socioeconomic status more direct women-to-men comparison of the risk of MI associated with smoking.
The sex difference in risk of cardiovascular disease in people with diabetes has been subject to increasing interest over recent years. Pooled analyses of over 800 000 people, including over 26 000 incident CHD events, showed that women with diabetes had a 44% excess relative risk of incident CHD compared with men with diabetes. 6 INTERHEART and an Italian cohort study reported higher risks of MI in women with diabetes than in men, 5 22 whereas a meta-analysis and the China Kadoorie Biobank described an excess relative risk of mortality from CHD in women with diabetes compared with men. 23 24 In contrast, a large English cohort study of 1.9 million patients observed a slightly increased risk of non-fatal MI in women with type 2 diabetes aged less than 60 than in men of a similar age, but no differences among older age groups. 25 Exclusion of fatal MI may be partly responsible for their results, as MI mortality has been found to be higher in women than in men with diabetes. 26 Deterioration in cardiovascular risk factor levels among those with and without type 2 diabetes is greater in women than in men; therefore women with diabetes are at a disadvantage compared with men, even before their diagnosis. 27 Additionally, in the UK women with diabetes are 15% less likely than men with diabetes to meet all recommended care requirements, and might be less likely to achieve target values for treated cardiovascular risk factors. [28] [29] [30] The cumulative effects of these disadvantages among women throughout the trajectory of disease could explain some of the excess relative risk.
can women "catch up" with men? An interesting question is under what conditions would rates of MI in men and women be the same? The answer depends on many factors, including the prevalence of the risk factors for MI (see supplementary appendix). In the UK Biobank the rates of MI per 10 000 person years in women with hypertension (AHA stage 1 or 2) and diabetes (type 1 or 2) who were also current smokers was 41.76 (95% confidence interval 25.58 to 68.12) compared with 53.68 (39.95 to 72.13) in men. So even in this extreme group, defined only by risk factors for which relative risks in women exceed those in men, in our study population men still have higher rates of MI. Furthermore, few women (0.2%) and men (0.6%) had this combination of risk factors and their contribution to the overall rate of MI is inevitably small. It would take an enormous increase in the prevalence of all three risk factors for this subgroup to have even a moderate impact on the overall risk of MI in the future.
conclusions and policy implications Although the risk of MI is, on average, about three times higher in men than women, women tend to "catch up" to some extent if they have certain cardiovascular risk factors. Our findings suggest that clinicians should be vigilant when their female patients are elderly, smoke, have diabetes, or have high blood pressure. These findings also highlight the importance of equitable access to guideline based treatments for diabetes and hypertension, and to weight loss and smoking cessation programmes for women and men in middle and older age.
Despite the rate of MI being higher in men than women, hypertension, smoking (especially higher intensity), and type 1 and 2 diabetes confer a greater excess risk of MI in women than in men. This excess risk does not attenuate with age. In addition, a rising prevalence of lifestyle associated risk factors, coupled with the ageing population, is likely to result in women having a more similar overall rate of MI to men in the future, with a major additional burden on society and health resources.
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